
Mahesh H. Mankani, MD
Sergei A. Kuznetsov, PhD
Nilo A. Avila, MD
Albert Kingman, PhD
Pamela Gehron Robey, PhD

Index terms:
Animals
Bone marrow, transplantation
Bones, CT, 40.12119
Computed tomography (CT),

quantitative, 40.12119
Hydroxyapatite
Phantoms

Published online
10.1148/radiol.2302011529

Radiology 2004; 230:369–376

Abbreviations:
BMD � bone mineral density
HA-TCP � hydroxyapatite–tricalcium

phosphate
ROC � receiver operating

characteristic

1 From the Division of Plastic Surgery,
Department of Surgery, University of
California–San Francisco, San Fran-
cisco General Hospital, 1001 Potrero
Ave, Ward 3A, San Francisco, CA
94110 (M.H.M.); Craniofacial and
Skeletal Diseases Branch (S.A.K.,
P.G.R.) and Biostatistics Core, Office of
the Director (A.K.), National Institute of
Dental and Craniofacial Research, Na-
tional Institutes of Health, Bethesda,
Md; Department of Radiology, Clinical
Center, National Institutes of Health, Be-
thesda, Md (N.A.A.). Received Septem-
ber 14, 2001; revision requested Oc-
tober 23; final revision received May
23, 2003; accepted June 18. Address
correspondence to M.H.M. (e-mail:
mmankani@sfghsurg.ucsf.edu).

Author contributions:
Guarantor of integrity of entire study,
M.H.M.; study concepts and design,
M.H.M.; literature research, M.H.M.;
clinical and experimental studies,
M.H.M., S.A.K.; data acquisition,
M.H.M., S.A.K., N.A.A.; data analysis/
interpretation, all authors; statistical
analysis, M.H.M., A.K.; manuscript
preparation, definition of intellectual
content, editing, revision/review, and
final version approval, all authors
© RSNA, 2004

Bone Formation in
Transplants of Human Bone
Marrow Stromal Cells and
Hydroxyapatite–Tricalcium
Phosphate: Prediction with
Quantitative CT in Mice1

PURPOSE: To determine whether quantitative computed tomography (CT) can be
used to estimate the extent of new bone formation in hydroxyapatite–tricalcium
phosphate (HA-TCP)–based transplants.

MATERIALS AND METHODS: Bone-forming transplants were generated by at-
taching cultured human bone marrow stromal cells to aliquots of HA-TCP particles
and were placed in subcutaneous pockets in immunocompromised mice. After 8
weeks, the transplants were individually imaged; each scan included a phantom.
Overall bone mineral density (BMD) of each transplant was obtained. Hematoxylin-
eosin–stained sections of the same transplants were then examined histologically,
which is the reference standard for assessing bone formation. The extent of bone in
each transplant was scored on a semiquantitative scale ranging from 0 to 4 by three
independent blinded observers; the bone score for each transplant was calculated
by averaging the three observer scores. BMD was compared with the histologically
determined bone score for each transplant. Statistical evaluations included (a)
calculation of empiric receiver operating characteristic curves to determine opti-
mum BMD thresholds and (b) determination of the relationship between BMD and
bone score, including derivation of Pearson correlation coefficients.

RESULTS: One hundred twenty transplants were evaluated. Average BMD of 600
mg/cm3 K2HPO4 or more was noted in transplants with appreciable bone formation
(bone score � 3), while average BMD of less than 600 mg/cm3 K2HPO4 was seen in
transplants with poor bone formation (bone score � 3) (P � .001). Among trans-
plants with appreciable bone formation, the BMD was proportional to the extent of
mineralized matrix present in the new bone.

CONCLUSION: Use of quantitative CT offers a practical approach for the nonin-
vasive determination of new bone formation in mineralizing bone marrow stromal
cells and HA-TCP transplants.
© RSNA, 2004

Transplantation of bone graft extenders, which can reduce the amount of bone graft
needed to complete a reconstruction, or bone graft replacements, such as osteoconductive
matrices, have gained considerable interest during the past few years. In lieu of or in
addition to bone autografts or allografts, surgeons have reconstructed bone defects with
materials that contain hydroxyapatite–tricalcium phosphate (HA-TCP) (1–12). However,
of great concern to reconstructive surgeons is the current lack of a reliable noninvasive
modality for the evaluation of new bone formation in the presence of these mineral-
containing matrices, since the extent of bone formation and therefore graft success is
uncertain (6,13–15). HA-TCP has a high density, comparable to that of cortical bone. On
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both radiographs and standard com-
puted tomographic (CT) images, HA-TCP
transplants that have no associated bone
formation are indistinguishable from
HA-TCP transplants that do have associ-
ated bone formation (Mankani MH,
Kuznetsov SA, Robey PG, unpublished
data, 2000). Yet CT offers an advantage
over radiography. With CT, the density
of a volume of tissue can be accurately
measured with quantitative CT tech-
niques and software (16–21). We hy-
pothesized that the bone mineral density
(BMD) of HA-TCP transplants may vary
by the quantity of bone that they con-
tain. Thus, the purpose of our study was
to determine whether quantitative CT
can be used to estimate the extent of new
bone formation in HA-TCP–based trans-
plants.

MATERIALS AND METHODS

Cell Culture and Transplant
Preparation

Surgical specimens were obtained with
either fragments of normal unaffected
bone with bone marrow from patients
undergoing reconstructive surgery or
diseased bone from patients undergoing
diagnostic bone biopsies. Diagnoses in-
cluded fibrous dysplasia of bone, Mc-
Cune-Albright syndrome, aplastic anemia,
and myelodysplasia. These specimens rep-
resented all that were collected during the
duration of the study. Tissue procurement
proceeded in accordance with institutional
regulations governing the use of human
subjects, including the use of informed
consent. Multicolony strains of bone mar-
row stromal cells were derived from the
bone marrow in a manner previously de-
scribed (22). Briefly, a single cell suspen-
sion of bone marrow cells was cultured in
growth medium consisting of � Eagle min-
imum essential medium, 2 mmol/L L-glu-
tamine, 100 U/mL penicillin, 100 �g/mL
streptomycin sulfate, 10�8 mol/L dexa-
methasone, 10�4 mol/L L-ascorbic acid
phosphate magnesium salt n-hydrate,
and 20% fetal bovine serum of a prese-
lected lot. After 2 hours, nonadherent
cells were removed by means of extensive
washing. The cells were then incubated
at 37°C in an atmosphere of 100% hu-
midity and 5% CO2.

Upon reaching confluence, cells were
trypsin released and pipetted into 1.8-mL
polypropylene screw-cap vials (Cryo-
Tubes; Nalge Nunc International, Roch-
ester, NY), each previously loaded with a
40-mg aliquot of HA-TCP particles (Zim-
mer; Warsaw, Ind). With use of a sieve

shaker (CSC Scientific, Fairfax, Va), only
particles 0.5–1.0 mm in diameter were
isolated and used. These represented the
specific size and shape that were com-
mercially available (Collagraft; Zimmer),
which is approved by the U.S. Food and
Drug Administration. Each tube received
1.2 � 106 to 3.4 � 106 cells (passages
2–5). The mixtures were incubated for 90
minutes at 37°C on a slowly rotating plat-
form. They were then centrifuged at 200g
for 60 seconds, and the supernatant was
discarded.

Thirty-two 3-month-old immunocom-
promised female mice (Bg-Nu-Xid; Har-
lan-Sprague-Dawley, Indianapolis, Ind)
served as transplant recipients. All ani-
mals were cared for according to the pol-
icies and principles established by the
Animal Welfare Act and the National In-
stitutes of Health Guide for the Care and
Use of Laboratory Animals. Surgical pro-
cedures were performed in accordance
with specifications of an approved insti-
tutional small animal protocol. Mice
were anesthetized with a combination of
intraperitoneal ketamine (Ketaset; Fort
Dodge Animal Health, Overland Park,
Kan) (140 mg per kilogram of body
weight) and intraperitoneal xylazine
(Rompun; Mobay, Shawnee, Kan) (7 mg/
kg). Transplants were placed in the sub-
cutaneous tissues beneath the dorsal skin
through a midline longitudinal skin inci-
sion. Incisions were closed with stainless
steel surgical staples, which were re-
moved prior to CT scanning. Each mouse
received three, four, or five transplants.
The number of transplants was deter-
mined on the basis of the number of cells
available on the day that the cells were
ready for transplantation. Thirty mice
were given 120 transplants. The number
of transplants of bone marrow stromal
cells from healthy donors, patients with
fibrous dysplasia of bone and McCune-
Albright syndrome, patients with aplastic
anemia, and patients with myelodyspla-
sia were 51, 38, 27, and four, respectively.
The mice were sacrificed at 8 weeks after
surgery by using inhaled CO2, and their
transplants were harvested.

The transplants were fixed in 4% phos-
phate-buffered formalin freshly prepared
from paraformaldehyde. After overnight
fixation at 4°C, the transplants were sus-
pended in phosphate-buffered saline.
Within 3 days of harvest, all transplants
were imaged in a manner described later.
After imaging, transplants were prepared
for embedding and sectioning. All but 12
of the 120 transplants were completely
demineralized prior to embedding in
buffered 10% ethylenediaminetetraacetic

acid, or EDTA. Each disk-shaped trans-
plant, measuring approximately 8 mm in
diameter, was divided into four pieces by
using three parallel cuts. These pieces
were embedded in paraffin so that their
largest cut surfaces were sectioned. A set
of such sections was obtained from each
transplant. Sections were deparaffinized,
hydrated, and stained with hematoxylin-
eosin. For 12 of the transplants, a portion
of the transplant was embedded and sec-
tioned without demineralization to as-
sess the degree of osteomalacia in the
transplant. The number of transplants
undergoing such processing was limited
because of the high cost. After fixation
and imaging, these 12 transplants were
washed with phosphate-buffered saline,
placed in 70% ethyl alcohol, divided into
three pieces with two parallel cuts, and
embedded in methyl methacrylate so
that their largest cut surfaces were sec-
tioned first. Five-micrometer-thick sec-
tions were obtained and stained with
Goldner modified trichrome.

All 120 transplants were imaged ex
vivo. Because our ultimate aim was to
demonstrate the feasibility of in situ eval-
uation of transplants, we also sought to
confirm that transplants exhibited the
same BMD both before and after harvest
and that the harvesting and processing of
the transplants did not affect their BMD.
For this reason, two additional mice with
12 transplants were imaged immediately
prior to sacrifice, and the BMD of each of
their transplants was calculated (in situ
BMD). The transplants were then har-
vested, fixed, imaged, and analyzed to
determine the ex vivo BMD. The in situ
and ex vivo BMD values for each trans-
plant were compared with a paired t test
(InStat, GraphPad, San Diego, Calif, and
SAS, SAS Institute, Cary, NC).

Transplant Imaging and Estimation
of BMD

Transplant sections were individually
placed in separate wells of 48-well culture
plates. Plates underwent CT (CTI; GE
Medical Systems, Milwaukee, Wis) with
80 kVp, 200 mA, and section thickness of
1 mm. The scan and display fields of view
were set to the finest values of the instru-
ment, 25.0 and 9.6 cm, respectively. Im-
ages were reconstructed with the bone
algorithm. Each scan included a phan-
tom (Siemens Medical Systems, Iselin,
NJ). This phantom contained only two
densities, 0 and 200 mg/cm3 K2HPO4; it
was used in place of the much larger clin-
ical-grade five-density phantom (Mind-
ways Software, South San Francisco,
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Calif) because the small phantom could
be completely accommodated in each
image section.

The BMD of each image section of each
transplant was obtained (QCT Pro, ver-
sion 2.0.3; Mindways Software, South
San Francisco, Calif) with a personal
computer (XPS R450; Dell Computer,
Round Rock, Tex). BMD values were ex-
pressed in milligrams per cubic centime-
ter of K2HPO4 in distilled water, where a
BMD of zero corresponded to the density
of distilled water alone (no additional
K2HPO4) and a BMD greater than 0 cor-
responded to nonaerated biologic tissue.
Each transplant was represented by four
to eight sections, each 1 mm thick and
bounded by an oval region of interest.
The software provided the regions of in-
terest, while the investigator determined
the size and shape. In each image of a
transplant, the region of interest was ad-
justed to match the size and shape of the
transplant, which was also typically oval
in cross section. In situations where the
transplants were not precisely oval, the
region of interest was applied to the cen-
ter of the transplant. Because the region
of interest and the transplant silhouette
were well matched to each other, the re-
gion of interest encompassed nearly the
entire (�90%) transplant section in each
image. Regions of interest ranged in size
from 10 to 15 mm2. The BMD values for
all sections of a transplant were pooled,
and the mean of these individual BMD
values was used as the overall BMD value
for the transplant. All BMD values were
calculated by the primary author
(M.H.M.), who was blinded to the bone
scores of the transplants.

Estimates of Bone Formation and
Comparison with BMD

The hematoxylin-eosin–stained sec-
tions were examined histologically, and
the extent of bone in each transplant was
scored on a semiquantitative scale by
three independent blinded observers (in-
cluding M.H.M., S.A.K.) in a manner sim-
ilar to that described previously (23).

Each observer was an investigator in our
laboratory who had been trained to eval-
uate the histologic characteristics of the
transplants. Transplants were scored on a
scale of zero to 4; a score of zero corre-
sponded to no bone formation, while a
score of 4 corresponded to abundant
bone formation that occupied more than
one-half of the section (Table, Fig 1). The
intraclass correlation coefficient was de-
rived for the examiners to evaluate inter-
examiner reliability. The bone score for
each transplant was the mean of the
bone formation scores for the three ob-
servers (rounded to the nearest integer).

The association between clinical bone
score and BMD was investigated. BMD
was statistically modeled as a function of
clinical bone score by means of linear
regression analysis that involved a corre-
lated error structure. Patients and ani-
mals were included as random effects.
Separately, a two-way mixed effect anal-
ysis of variance model was used to com-
pare mean BMD scores for transplants
with poor bone scores (scores of 0 to 2)
with those with good bone scores (scores
of 3 or 4) and for four patient diagnostic
classes. Random effects for patients and
animals were included in the modeling
of the errors structure. Statistical analyses
were conducted (Excel, Microsoft, Red-
mond, Wash, and SAS [“proc mixed”
function], SAS Institute).

Empiric receiver operating characteris-
tic (ROC) curves were used to determine
the optimum BMD thresholds to distin-
guish (a) no bone formation (bone score
of zero) from any bone formation (bone
score of more than 0), and (b) poor bone
formation (bone score of 0 or 1) from
appreciable bone formation (bone score
of 3 or 4). To achieve this, we graphed the
true-positive rate (sensitivity) over the
false-positive rate (1 � specificity), with
each observed BMD value as a potential
cut point or threshold. We then found
the straight line with positive unit slope
that is tangent to the ROC curve. The
point of tangency of this line to the curve
determined the sensitivity and specificity

that yielded maximum sum of sensitivity
plus specificity (23–26). The area under
each of the ROC curves was also calcu-
lated (SAS [“proc logistic” function]; SAS
Institute).

Estimates of Mineralization and
Comparison with BMD

We suspected that a number of trans-
plants contained osteomalacic bone be-
cause this had been seen episodically dur-
ing examination of undemineralized
sections. Owing to cost constraints, only
a fraction (12 transplants) of the 120
transplants examined in this study un-
derwent concomitant undemineralized
processing. A section from each trans-
plant that had been embedded in methyl
methacrylate was digitized (Axioplan2
microscope; Carl Zeiss Mikroskopie, Göt-
tingen, Germany) with a �1.25 objective
by using a digital microscope camera (Po-
laroid, Cambridge, Mass). After staining
with Goldner modified trichrome, nor-
mal well-mineralized bone could be iden-
tified by its green hue, while osteoma-
lacic bone was red (Fig 1). The total
amount of normal (green) and osteoma-
lacic (red) bone was measured (Photo-
shop, version 5.0; Adobe Systems, San
Jose, Calif). The proportion of normal
bone to all bone in the transplant was
calculated by using the following rela-
tionship: percentage of normal bone �
100 � (area of normal bone)/(area of nor-
mal bone � area of osteomalacic bone). A
comparison was made between the per-
centage of normal bone and the BMD for
these transplants by means of linear re-
gression with correlated error structure.

RESULTS

One hundred twenty transplants were
evaluated. Bone marrow stromal cells
were harvested from 22 donors (age
range, 1.5–69.0 years. Forty-five trans-
plants were obtained from male patients,
71 were obtained from female patients,
and four were obtained from patients
whose sex was not recorded. Fifty-eight
transplants came from healthy donors,
37 from patients with fibrous dysplasia of
bone and McCune-Albright syndrome,
21 from patients with aplastic anemia,
and four from patients with myelodys-
plasia. The amount of bone formation in
the transplants ranged from a bone score
of zero to a score of 4; the frequency of
implants with the respective bone scores
is presented in Figure 2. The 120 trans-
plants were sorted into five groups that
corresponded to one of the five bone

Semiquantitative Scale for Estimation of Bone Formation

Score Extent of Bone in Transplant

0 No bone evident
1 Minimal bone evident (one trabecula per section)
2 Low bone formation, occupying only a small portion of the section
3 Moderate bone formation, occupying a substantial portion but less than one-half of

the section
4 Abundant bone formation, occupying greater than one-half of the section
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scores (Figs 2, 3). Forty-six transplants
showed no or poor bone formation (bone
scores of 0 to 2), while the remaining 74
transplants showed appreciable amounts
of bone formation (bone scores of 3 or 4).

The intraclass correlation coefficient
was 0.92 for the 120 bone scores given by

the three observers. Their scores agreed
for 108 implants. For the other 12 trans-
plants, one reviewer gave a score that was
one unit higher or lower than the scores
given by the other two reviewers. The
summary statistic for the clinical bone
score was the average score, rounded to

the nearest integer (in this case essen-
tially equivalent to the median of the
three scores).

BMD values of the transplants ranged
from 425 to 877 mg/cm3 K2HPO4 (Fig 3).
We modeled the BMD as a function of
clinical bone score by means of linear

Figure 1. Photomicrographs show sections of HA-TCP and bone marrow stromal cell transplants with varying amounts of
bone formation. A–E, Paraffin embedding following demineralization. (Hematoxylin-eosin stain; original magnification,
�50.) A, Bone score of 0 (no bone formation present). Rather, particles are widely separated by connective tissue. B, Bone
score of 1 (only one bone trabecula present). C, Bone score of 2 (weak bone formation, with only a few trabeculae present).
New bone does not bridge adjacent particles. D, Bone score of 3 (bone formation is appreciable but less than one-half of the
transplant). E, Bone score of 4 (abundant bone formation). Bone bridges adjacent particles. F, Methyl methacrylate embed-
ding without demineralization. Transplant exemplifies the difference between areas of normal (green) versus osteomalacic
(red) bone. (Goldner modified trichrome stain; original magnification, �50.) b � bone, f � fibrous connective tissue, h �
hematopoietic tissue, p � particle.
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regression with a correlated error struc-
ture that reflected correlation among im-
plants from the same donor and those
placed in the same animal (no covariates
included). A significant (P � .001) posi-
tive trend in BMD was detected as a func-
tion of clinical bone score. The estimated
relationship is given as BMD � 43.0 �
bone score � 499.0.

BMD could be used to distinguish be-
tween no bone formation and any level
of bone formation. When a BMD of 569
mg/cm3 K2HPO4 was used as a threshold
between the absence (bone score of 0)
and presence (bone score of more than 0)
of bone formation, quantitative CT had
sensitivity and specificity of 85% and
86%, respectively (Fig 4a). Note that the
ROC curve is nearly parallel to the tan-
gent line in this portion of the graph.
Nonetheless, a threshold of 569 repre-

sents maximization of the sum of sensi-
tivity and specificity, while parity is
maintained between these two parame-
ters. The area under this ROC curve was
0.90. When a BMD of 600 mg/cm3

K2HPO4 was used as a threshold between
poor (bone score � 3) bone formation
and appreciable (bone score � 3) bone
formation, quantitative CT had sensitiv-
ity and specificity of 99% and 96%, re-
spectively (Fig 4b). The area under this
second ROC curve was 0.97.

The 120 transplants were also analyzed
according to patient diagnosis and a di-
chotomized bone score (Fig 5). A two-
way mixed effect analysis of variance
with correlated error structure (“patients
in diagnostic class” and “animal” were
included as random effects) was per-
formed (SAS [“proc mixed” function];
SAS Institute) on the BMD scores as a

function of a dichotomous clinical bone
score and patient diagnosis. A clear con-
sistent increase in mean BMD was ob-
served among transplants with a good
bone score (score of 3 or 4) in comparison
to that with transplants with poor bone
scores (score of 0 to 2). The mean BMD
was calculated separately for each patient
diagnostic classification (P � .001 for
each diagnosis, except P � .0188 for pa-
tients with myelodysplasia, with no in-
teraction detectable). These P values were
obtained from individual differences
with no adjustment for multiple tests
performed.

When normal transplants were com-
pared with osteomalacic transplants,
BMD varied in proportion to the percent-
age of normal bone in the transplant.
This relationship was valid among trans-
plants representing all levels of bone for-
mation. Twelve transplants underwent
processing without demineralization. Of
these, one had a bone score of 1, two had
a score of 2, five had a score of 3, and four
had a score of 4. The percentage of nor-
mal bone ranged from 17% to 97% (Fig
6). When the percentage of normal bone
was compared with BMD for these 12
transplants, a Pearson correlation coeffi-
cient of r � 0.76 was derived.

To demonstrate that the BMD calcula-
tions were unaffected by transplant har-
vest, 12 transplants from two additional
mice were imaged both in situ and in
vivo. In situ measurements were ob-
tained from CT scans obtained immedi-
ately after the mice were sacrificed. After
transplant harvest and overnight fixa-
tion, the transplants alone were imaged
and analyzed to derive ex vivo BMD val-
ues. Results of a paired t test showed that
the in situ and ex vivo values were not
significantly different (P � .986). In situ
BMD values ranged from 590 to 863 mg/
cm3 K2HPO4 (SD, 88.33; standard error of
the mean, 25.5), while ex vivo values
ranged from 576 to 873 mg/cm3 K2HPO4

(SD, 89.23; standard error of the mean,
25.8).

DISCUSSION

HA-TCP particles are becoming an in-
creasingly important matrix for bone re-
construction and tissue engineering (27–
35). While their mineral content,
density, and three-dimensional proper-
ties have made them particularly suitable
in the bone microenvironment, these
characteristics have increased the diffi-
culty of evaluating new bone formation
radiographically. Radiologists and sur-

Figure 2. Bar graph shows bone formation among the 120 trans-
plants, with bone scores from 0 (no bone formation) to 4 (extensive
bone formation).

Figure 3. Scatterplot shows raw BMD values among the 120 transplants, sorted by bone score.
BMD increased linearly with increasing bone score. Error boxes indicate mean BMD 	 1 SD.
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geons have evaluated HA-TCP trans-
plants with indirect measures, including
callus formation at the interface between
the construct and adjacent normal bone.
While such radiographic features are
helpful, they do not provide information
about the nature of the new tissue in the
interior of the construct. In addition, ra-
diographs have limited utility in the eval-
uation of spatially complex reconstruc-
tions that do not permit a clear view of
the construct-bone interface. CT scan-
ning, combined with attenuation mea-
surements in Hounsfield units, can theo-
retically depict differences in density
between transplants that have formed
bone and those that have not. To our

knowledge, however, no previously pub-
lished study has attempted to do so. This
is most likely because a rigorous evalua-
tion would require a comparison of ra-
diographic results with those at compre-
hensive tissue histologic examination. To
move a step beyond the use of Houns-
field units, quantitative CT techniques,
including the placement of a standard
phantom in each image, would permit
standardization across different scanners
and at different time points.

In the current study, the transplanta-
tion system involved cultured human
osteogenic bone marrow stromal cells
combined with HA-TCP particles. After
subcutaneous transplantation into mice,

transplants formed a mature bone struc-
ture in 8 weeks. The extent of bone forma-
tion varied widely, permitting a rigorous
comparison of a variety of transplants.
Since this study design is complex, involv-
ing multiple implants for each donor and
recipient mouse, it was necessary to model
the correlation structure in each donor and
each recipient. All transplants were har-
vested and underwent both CT with BMD
evaluation and histologic examination in a
blinded fashion. The BMD among trans-
plants with little or no new bone forma-
tion was significantly less than that among
transplants with appreciable amounts of
bone formation. The relationship between
BMD and bone formation held true
whether the bone marrow stromal cells
came from healthy donors or patients with
fibrous dysplasia of bone, McCune-Al-

Figure 4. (a) ROC curve distinguishes no bone formation from any bone formation. Sensitivity and specificity of 85% and
86%, respectively, represent the highest balanced combination of these two values. (b) ROC curve distinguishes poor bone
formation from appreciable bone formation. Sensitivity and specificity of 99% and 96%, respectively, represent the highest
combination of these two values.

Figure 5. Bar graph shows the difference in BMD between trans-
plants with bone scores of 0 to 2 (white bars) and those with bone
scores of 3–4 (gray bars) regardless of whether the donor had normal
bone or bone disease.

Figure 6. Scatterplot shows results in 12 transplants processed with-
out demineralization. The proportion of normal nonosteomalacic
bone increased in proportion to BMD.
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bright syndrome, aplastic anemia, or my-
elodysplasia. In addition, a BMD of 600
mg/cm3 K2HPO4 served as a threshold to
distinguish a transplant with poor bone
formation from one with good bone for-
mation.

The interval between transplantation
and harvest (8 weeks) was carefully se-
lected. We envisioned that clinical use of
this scanning technique would include
the early evaluation of transplant sites to
inform surgeons at an early postoperative
stage whether or not bone was forming
successfully. An 8-week time point was
chosen because it represents the standard
time for bone marrow stromal cells and
HA-TCP transplants to show bone forma-
tion. Care was also taken to specifically
use a clinical CT scanner rather than a CT
unit used for investigational purposes.
While a research CT scanner would un-
doubtedly have provided much better
resolution and a finer section thickness
in our small transplants, it was important
to us to demonstrate the feasibility of
using quantitative CT with clinically ap-
propriate equipment and settings.

A semiquantitative scale of bone for-
mation was used in the current study for
comparison to BMD. Previously when
the bone scores on this scale were com-
pared with histomorphometric measure-
ments in tissue sections, a correlation
was observed between the bone score and
the square root of the fraction of bone
area to total transplant area (r � 0.973)
(36). In that study, bone scores of 0, 1, 2,
3, and 4 correlated with fractional bone
areas of 0, 1%, 3%, 8%, and 14%, respec-
tively. Poor bone formation was charac-
terized by a fractional bone area of 3% or
less, while appreciable bone formation
was characterized by a fractional bone
area of 8% or more. Thus, the differences in
BMD noted between transplants with poor
and those with appreciable bone forma-
tion paralleled significant differences in
the fraction of bone area to total transplant
area.

Bone marrow stromal cell transplants
from both healthy volunteers and pa-
tients with bone diseases were used in the
current study. Mature human bone mar-
row stromal cell transplants replicate
many of the histologic features of the
donor tissue from which they are de-
rived. Transplants from patients with
fibrous dysplasia of bone and McCune-
Albright syndrome, for instance, demon-
strate woven bone, cells and collagen
bundles oriented perpendicular to the
bone surface, and hyperosteocytic bone.
Such transplants are characteristic of dys-
trophic bone from patients with fibrous

dysplasia of bone and McCune-Albright
syndrome (37). These findings have po-
tential clinical relevance; they provide a
rationale for the use of BMD measure-
ments not only in healthy patients but
also in those with skeletal diseases.

We also determined that quantitative
CT for the determination of BMD was
not influenced by the harvesting and fix-
ation of the transplants. Quantitative CT
will be most clinically useful in the anal-
ysis of constructs in situ. In the current
study, the majority of mice could not be
sacrificed at a time when the CT scanner
was available for research use. As a result,
transplants were often imaged the day
following harvest. However, results at
quantitative CT analysis of 12 trans-
plants both before and after harvest con-
firmed that BMD values did not vary sig-
nificantly.

Practical application: Until now, no
method existed for noninvasive determi-
nation of the extent of new bone forma-
tion in transplants containing HA-TCP
because new bone is overshadowed by
preexisting mineral. Surgeons and den-
tists have relied on biopsies to evaluate
the success of these transplants. Our re-
sults indicate that the BMD of trans-
plants with bone formation is signifi-
cantly higher than that of transplants
without bone formation. Consequently,
quantitative CT can be used to estimate
the extent of new bone formation in HA-
TCP–based transplants. It has the poten-
tial for noninvasive evaluation of the
success of such bone grafting materials.
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